BACKGROUND. Recent genomic and bioinformatic technological advances have made it possible to dissect the immune response to personalized neoantigens encoded by tumorspecific mutations. However, timely and efficient identification of neoantigens is still one of the major obstacles to using personalized neoantigen-based cancer immunotherapy.
Introduction
T cell-based immunotherapy has been successfully used to treat many human solid cancers (1) .
Administering autologous tumor-infiltrating T lymphocytes (TILs) can lead to complete, durable tumor regressions in patients with metastatic melanoma (2) . Meanwhile, checkpoint blockade immunotherapies have shown quite remarkable clinical responses in patients with advanced nonsmall cell lung cancer, melanoma, bladder cancer, gastric cancer and colorectal cancers with DNA mismatch repair deficiency (3) (4) (5) (6) (7) . Recently, increasing evidence has shown that T cells specific for neoepitopes (neoantigens), which are derived from mutated gene products, are responsible for tumor regression in patients receiving TIL therapy (8, 9) , and immune checkpoint inhibitors therapy in both mouse models and clinical settings (7, (10) (11) (12) . By the de novo generation that is derived from tumor-specific somatic mutations, neoantigen-specific T cells are not subject to central and peripheral tolerance and also lack the ability to induce normal tissue destruction. Thus, neoantigens appear to represent ideal targets for T-cell-based cancer immunotherapy. Strategies that harness a T-cell response against neoantigens may be of significant clinical benefit in cancer patients.
Neoantigens promise high specificity but are largely patient-specific, and therefore, hard to identify and mainly singular events in a patient cohort. The classical cDNA library screening approach is labor-intensive, low-throughput, and incapable of identifying some mutated antigens derived from GC-rich transcripts and low-expression transcripts (13, 14) . Nevertheless, recent technological advances in next-generation sequencing (NGS) and bioinformatic analysis have provided a strong foundation on which to build these efforts. A peptide-based screening approach involving whole-exome sequencing (WES) and major histocompatibility complex (MHC)-peptide binding prediction algorithms have been successful in identifying neoantigens recognized by TILs in patients with melanoma (9) . Furthermore, using tandem minigenes (TMGs) comprised of multiple minigenes that encode polypeptides containing a mutated amino acid residue flanked on their N-and C-termini by 12-13 amino acids, which were synthesized and used to transfect APCs, have led to the success to identify neoantigens in patients with melanoma and cholangiocarcinoma, and murine tumor models (15) (16) (17) .
Recent methods of immunogenic neoantigen identification are often required to synthesize dozens to hundreds of peptides, which are time-consuming, costly, and with low positive rates.
Even if a series of TMGs were constructed, further synthesis of peptides was needed to verify the bona fide neoepitope harbored in the immunogenic TMG. Thus, narrowing down the list of potential neoepitopes and reducing the time of the identification process are currently major unresolved clinical challenges, particularly for highly mutated and advanced refractory cancers. In addition, whole genome sequencing (WGS), WES, and transcriptome sequencing, which are performed mainly in neoantigen identification presently, are not suitable for liquid biopsy samples that require extremely high sequencing depths (no less than 3000×). Moreover, recurrent hotspot mutations of driver gene could overcome the problem of patient specificity and could be targeted in broadly applicable immunotherapeutic treatments of different types of cancers. Indeed, T cells that recognize BCR-ABL, mutant IDH1-R132H, and KRAS-G12D have been identified, and vaccines and adoptive T-cell therapy against these mutations have shown promise in pre-clinic and clinic studies (18) (19) (20) . However, systematic immunogenicity assessment of neoepitopes for common driver mutations in solid tumors is currently lacking.
Considering the aforementioned limitations, two different pipelines for rapid and efficient personalized neoantigen were identified in patients with an advanced solid tumor. Clinical-grade targeted genomic profiling of tumor, circulating tumor DNA (ctDNA), and matched normal samples was performed to identify nonsynonymous somatic mutations. As the first mode, somatic mutations were subjected to in silico analysis to predict and prioritize potential high-affinity epitopes, and then mutated peptides were de novo synthesized accordingly. In addition, an inventory-shared driver mutation-derived neoantigen peptide library was constructed by systematically mining The Cancer Genome Atlas (TCGA) and Catalogue of Somatic Mutations in Cancer (COSMIC) databases and employing multiple epitope prediction programs. Patients' recurrent hotspot mutations were matched to the customized neoantigen peptide library. The candidate mutated peptides in different pipelines were screened to identify T-cell neoepitopes for recognition by autologous peripheral blood mononuclear cells (PBMCs) in vitro. Moreover, personalized neoantigen-pulsed dendritic cell (DC) vaccines and neoantigen-reactive T cell (NRTs) adoptive transfer immunotherapy were performed to evaluate the safety and antitumor efficacy.
Results

Targeted sequencing-guided neoantigen identification by the peptide de novo synthesis model
Four patients with advanced solid tumor, who underwent 416 gene panel sequencing and human leukocyte antigen (HLA) typing based on polymerase chain reaction-sequence-based typing (PCR-SBT), were performed personalized neoantigen identification in vitro (Supplemental Table   1 ). Somatic mutations with allele frequency (AF) >2% were selected to predict T-cell epitopes that bind to patients' HLA class I and class II allotypes (Supplemental Table 2 ). Specifically, NetMHC3.4/4.0 and NetMHCpan3.0 were used to predict MHC class I-restricted T-cell epitopes, and NetMHCII 2.2 was used to predict MHC class II-restricted T-cell epitopes. The predicted neoepitopes were ranked, and prioritized peptides according to the following criteria: (i) Strong binders with IC50<50nM or %Rank < 0.5; (ii) Mutations with higher tumor VAF; (iii) A peptide was predicted to bind two or more HLA molecules. (iv) Peptides could be predicted by different algorithms. To further characterize the specificity of the pre-existing T-cell response to the prioritized mutant peptides, each patient's PBMCs were stimulated with peptides for 10 days in the presence of interleukin-2 (IL-2). Subsequently, both the secretion of the effector cytokine interferon-γ (IFN-γ) using the enzyme-linked immunospot (ELISPOT) assay and the upregulation of the T-cell activation marker 4-1BB using flow cytometry (FCM) were measured, since these approaches could provide complimentary and non-redundant information about antigen-specific T-cell responses.
First, neoantigen identification was performed based on the somatic nonsynonymous mutation in tumor samples of two patients (ID: A008, A017). Patient A008 with metastatic pancreatic cancer was enrolled, and the top nine predicted binding peptides restricted by autologous MHC class I and class II allotypes were synthesized and tested for recognition by autologous PBMC in vitro (Supplemental Table 3 ). The ELISPOT assay and FCM analysis consistently demonstrated that A*3001-restricted CD8+ T-cell epitope (TP53-V25G-1, RGRAMAIYK) and DRB1*0701-restricted CD4+ T-cell epitope (DIS3L2-I777V, MVMGVLKQAFDVLVL) induced significant peptide-specific T-cell responses ( Figure 1A , and B).
For patient A017 with metastatic thymoma, who expressed the highly prevalent HLA class I allele HLA-A*0201, three HLA-A*0201-restricted T-cell epitopes with the highest mutation abundance (AF > 10%) and excellent binding affinity were selected, while incorporating nine HLA-A*02-restricted irrelevant mutant peptides from the customized shared neoepitope peptide library, to assess the T-cell specific antigen response level. The results demonstrated that the mutated CDC73-Q254E nonamer (NIFAILESV) stimulated high amounts of IFN-γ spots and obvious CD8+4-1BB+ T cells, whereas no detectable responses were observed against the irrelevant mutant peptides or the control group (no peptide stimulation) (Figure 2A , B, and C; Supplemental Table 4 and 5) . Subsequently, the binding affinity of the mutant CDC73 (CDC73-MT) and the corresponding wild-type (CDC73-WT) peptides to HLA-A*0201 was assessed using the T2 cell line. The CDC73-MT peptide (NIFAILESV) showed substantial binding to HLA-A*02:01 molecule, which was stronger than that of CDC73-WT (NIFAILQSV) at concentrations ranging from 6.25μM to 50μM. Notably, though, the CDC73-WT peptide also showed a strong binding affinity at a higher concentration of 100μM ( Figure 2D , and Supplemental Table 6 ). Thus, the specificity and reactivity of autologous T cells against mutant and corresponding WT CDC73 peptides were further assessed at concentrations ranging from 0.01nM to 1000nM. The patient's T cells recognized T2 cells pulsed with a minimum of 1.0nM of the mutated CDC73 Q254E peptide but failed to recognize cells pulsed with 100nM of the corresponding WT peptides ( Figure 2E ).
Even though the WT peptide showed moderate affinity to HLA-A*02:01, it failed to induce the IFN-γ secretion of autologous T cells, indicating that the mutated amino acids in the CDC73 peptide may predominantly affect T-cell receptor (TCR) contact residues. Subsequently, patient A017 who failed three lines of treatment was enrolled in neoantigen-based personalized immunotherapy. Clinical-grade NRTs (bulk T cells composed of ~7% neoantigen-reactive CD8+CD137+T cells, Supplemental Figure 1 ) showed a median of 39.5% specific killing of CDC73-Q254E peptide loading T2 cells at an effector to target ratio (E/T) of 40:1 compared with a median of 17.2% of non-specific cell lysis of unpulsed T2 cells. The specific lysis showed E/T ratio-dependent characteristics, with specific lysis decreasing with reduced E/T ratios ( Figure 2F ). Furthermore, neoantigen identification of the other two patients with advanced gastric cancer (ID: A004, A015) was based on somatic mutations that were both present in the tumor tissues and plasma ctDNA. The nonsynonymous and frameshift mutations with AF >2% were subjected to predict T-cell epitopes that bind to each patient's HLA-A, HLA-B, and HLA-C alleles with a binding affinity (Rank%) <2.0. The final prioritized candidate mutant peptides were pursued for the immunogenicity study (Supplemental Table 7 and 8). In patient A004, one neoepitope (CYP2A6-N438Y, KRYCFGEGL) of the nine prioritized peptides, which was predicted to bind to both HLA-B*1402 and HLA-C*0704, was recognized by autologous peripheral blood lymphocyte (PBLs) that confirmed by IFN-γ and 4-1BB expression levels (Figure 3 A, and B). In patient A015, the prioritized 12 candidate mutant peptides were analyzed to repeatedly stimulate PBMCs in vitro, but failed to observe detectable peptide-specific responses (Supplemental Figure 2 ).
Assessment of mutational and neoantigen loads by targeted sequencing
To evaluate the potential of mutation and neoantigen identification, a large clinical grade targeted sequencing panel of 416 cancer-related genes was performed in 17 patients with advanced solid tumor, and HLA typing data for each patient was determined by PCR-SBT (Supplemental Table   2 ). A median of 35 somatic missense mutations (range 9~73) was identified ( Figure 4A ). The candidate neoantigen epitopes were identified for each patient's nonsynonymous single-nucleotide variation mutations of the restricting HLA class Ⅰ alleles (HLA-A, HLA-B, and HLA-C). A median of 55 predicted HLA class I-restricted neoantigens (range 8~140) were identified by NetMHCpan 3.0 program with %rank <2. Among the aforementioned candidate epitopes, the number of strong binders (%rank < 0.5) ranges from 0 to 43, with a median of 19. Besides, the number of weak binders (0.5 < %rank <2) ranges from 8 to 98, with a median of 44 ( Figure 4B ). The individual total number of mutations and complexity of HLA genotypes reflected the number of potential peptides that ranked within the cutoff criteria for testing. The 4 patients who performed neoantigen screening in vitro showed moderate and even more mutations among the 17 patients ( Figure 4 ). with an ultramutator phenotype beyond the microsatellite instability (MSI) phenotype, which could detect 82.2 ± 25 somatic mutations using a 315 cancer-related gene panel (Foundation One) (21) .
Inventory-shared neoantigen peptide library construction
An off-shelf neoepitope peptide library was built with the aim to identify neoantigens timely and conveniently in refractory advanced solid tumors with a dismal prognosis. First, TCGA and COSMIC databases were used to mine high-frequency mutant genes in nine types of human malignant solid tumors, including gastric cancer, colorectal cancer, esophageal squamous cell carcinoma, liver cancer, lung adenocarcinoma, lung squamous cell carcinoma, pancreatic cancer, ovarian cancer, and cervical cancer, as well as to calculate the frequencies of the hotspot mutations in each gene by the in silico analysis. A total number of 21 mutant genes with frequency >10% among the aforementioned solid tumors in the COSMIC database, which has the largest number of recorded samples in the world, were further evaluated in 2430 sequenced samples of TCGA database ( Supplemental Tables 9 and 10 ). Next, it was observed that the majority of the 21 recurrent mutant genes, in which missense mutations were dispersed throughout, could not serve as ideal shared antigen targets. However, there existed 29 ideal hotspot mutations in KRAS, TP53, CTNNB1, EGFR, BRAF, PIK3CA, and GNAS ( Table 1, and Supplemental Table 11 ), which were classified as cancer driver genes (22) . Thus, the 29 hotspot mutations were selected as the candidate targets to build the shared neoantigen peptide library, which covered 9.49%~89.56% cancer patients in TCGA database, with a median coverage of 23.04% ( Figure 5A ).
The design of 8-to 10-mer peptides that were predicted to bind to human high-frequency The prioritized 44 shared neoepitope peptides were selected for peptide synthesis, and then lyophilized peptide powder was stored in aliquots at -80˚C until use ( Table 2) . Although a minority of hotspot mutations were predicted to lack binding affinity to the selected HLA class I alleles, the shared neoantigen library could still cover 5.11%~83.8% patients in the nine types of common solid tumors, with a median coverage of 11.2% ( Figure 5B ).
Shared neoantigen peptide library-guided neoantigen identification
In clinic, a large number of patients with refractory advanced solid tumor underwent targeted sequencing who aimed mainly to seek targeted drugs, with the use of different types of gene panels, including 416 genes, 112 genes, and 382 genes. Among them, 13 patients who harbored corresponding hotspot mutations and common HLA-A alleles matched to the shared neoantigen peptide library were performed immunogenic neoantigen identification by detecting the secretion of IFN-γ using ELISPOT and Cytometric Bead Array (CBA). Immunogenic neoantigens recognized by autologous PBMCs based on neoantigen peptide library were identified in six patients ( Supplemental Table 12 ).
Neoantigen-based clinical translational immunotherapy research
Six patients with relapsed and refractory solid tumors originating from the pancreas, thymus, or uterus, who had successfully identified neoantigens by two different pipelines, received Figure 4 ). In addition, FCM analysis of memory or activation markers showed that the majority of infused NRTs were the central memory phenotype (CD45RO+CD62L+) and naïve phenotype (CD45RO-CD62L+) (Supplemental Figure   5 ), which exhibited superior antitumor activity and superior survival (23) . Before vaccination and T cell reinfusion, patients received immunomodulatory strategies of radiotherapy or chemotherapy, which were designed to better exert synergistic antitumor effects in refractory solid tumors. (The clinical characteristics and treatment scheme are shown in Supplemental Table 14 and 15) A 52-year-old man (ID: A017) with multiple metastatic tumor nodules in the left lower lung after the resection of thymoma was resistant to three lines of radiotherapy and chemotherapy, and computed tomography (CT) chest scans revealed an increase in the number of tumor nodules within the left lung. He was subsequently enrolled and underwent five cycles of personalized immunotherapy targeting somatic CDC73-Q254E mutation ( Figure 6A ). CT scans performed after six cycles revealed complete remission (CR) of all metastatic tumor nodules, and CR has lasted beyond 29 months to date ( Figure 6B ). Month 6 post-treatment PBMCs showed a stronger response to the mutant CDC73-Q254E peptide in contrast to pre-treatment ( Figure 6C ), and a striking increase in T cells specific for some tumor-associated antigens (TAAs) was also observed, such as AGR2, SART3, NY-ESO-1, and WT-1 ( Figure 6D , E, and Supplemental Table 16 ). In contrast, such obvious epitope spreading was not demonstrated in the other five patients.
In addition, a 35-year-old woman with metastatic pancreatic cancer (ID: C003) received four cycles of personalized neoantigen-based immunotherapy targeting HLA-A*0201-restricted KRAS-G12D epitope ( Figure 7A Table 15 ). Grade 1 and grade 2 side effects, such as fever, chills, vomiting, and local temporary rash at the vaccine site, were observed during immunization; no serious adverse events were noted in all patients (Supplemental Table 17 ).
Discussion
Identification of the individualized immunogenic neoepitopes is the major obstacle of translating clinical studies to the neoantigen-based cancer immunotherapy. In this study, two different patterns of screening of neoantigen were established and successfully applied to the personalized immunotherapy for patients with refractory advanced solid tumors.
A targeted sequencing-based de novo peptide synthesis pattern was set up as the first model.
With this pattern, immunogenic neoantigens could be recognized by autologous T cells in three of four patients. Two of nine (ID: A008), one of three (ID: A017), and one of eight (ID: A004) candidate mutant peptides induced significant peptide-specific T-cell responses. For the 3 patients, fewer than 10 candidate peptides were synthesized; subsequently, 1~2 neoantigens were identified by autologous T cells. As previous studies reported, only 1~3 neoantigens of around 50, 153, and 501 candidate peptides could be recognized by tumor-infiltrating lymphocytes (9, 24, 25) . The number of neoantigens identified in this study was slightly lower compared with the previous reports, but the number of candidate peptides reduced significantly.
The following designs and methods distinguished from previous studies improved the feasibility and efficiency of neoantigen screening: (i) Both the variant allele frequency (VAF) and MHC-peptide binding affinity were evaluated to optimize candidate epitopes, thereby the range of candidate mutations and predicted peptides were narrowed. Rosenberg's team identified neoantigens in 9 of 10 patients with gastrointestinal tumor with high throughput immunologic screening of TMGs, and revealed that all the identified CD8+T-cell epitopes were predicted to rank among the top 2% of peptides with high MHC-peptide binding affinity (26) . These data support the design of the present study to narrow the number of candidate peptides. The variation detected by targeted sequencing was less compared with WES; thus, multiple approaches were applied to detect mutations to avoid the omission of important variation information. Meanwhile, as the immunogenic mutations exhibited a very wide range of expression levels (2.9-185.4 fragments per kilobase of transcript per million mapped reads, FPKM) (26), the low-frequency mutation with AF < 2% threshold was just removed. (ii) The in vitro neoantigen-identified method was based on a 10-day recall memory T cell response. More recently, a similar method that selected somatic mutations with high VAF, and immunogenic neoantigens identification was performed by 12-day recall IFN-γ ELISPOT assay using PBMCs, and one or two neoantigens were validated per patient out of eight to nine candidate peptides (27) ; this was consistent with the present study. The manner and time in which the T cells were stimulated by antigens in vitro is a key factor affecting the immune responses. E.g., T-cell responses observed after several rounds of artificial APCs-or irradiated APC-based stimulations for approximately 3 weeks was confirmed to be mediated by de novo primed naïve T-cells rather than by pre-existing memory T cells, as short-time stimulation of the same PBMC did not result in the detection of specific T-cell clones (28) (29) (30) . In this study, the neoantigen identification was based on the detection of spontaneous memory T-cell responses, which may be more suitable for refractory advanced solid tumors with very short survival time: (i) A therapeutic vaccine for pre-existing antigen-specific T cells, which was produced as secondary immune responses after vaccination, was more rapid and more intense. Meanwhile, the expansion of NRTs was also more rapid. (ii) The detection of pre-existing memory T cells may represent that the specific spontaneous antigen processing-presentation-recognition pathway was complete.
Targeted sequencing panels that query a subset of cancer-related genes have widely been implicated in cancer biology or clinical management (21, (31) (32) (33) (34) . Furthermore, large targeted sequencing panels (n > 300) can be used to assess the mutational load and the efficacy of anti-PD-1 (programmed cell death protein 1) therapy (35, 36) . The assessment of using a targeted panel of 416 genes in 17 patients with refractory advanced solid tumors in this study also indicated that targeted sequencing could mine enough mutations for personalized neoantigen identification.
However, small panels had little genetic variation in clinical detection, and the potential for identifying personalized neoantigens was limited. An immunogenic mutation (CYP2A6-N438Y, KRYCFGEGL) was successfully identified in the ctDNA sample of patient A004 using the targeted sequencing panel. Indeed, it is not always possible to obtain tumor tissue samples for direct genomic analysis; therefore, it is more meaningful to detect the relevant indicators in the blood ("liquid biopsy"). The ctDNA from the various parts of the tumor was released into the blood, which could better reflect the patient's overall tumor burden, malignancy, metastatic capacity and real-time gene mutation information. However, ctDNA represents from less than 0.1% to 10% of the total circulating free DNA (cfDNA) in plasma and serum (37-39), thus extremely high-depth sequencing is required to effectively detect tumor-derived genome mutations. Researchers often increase the depth of targeted sequencing to more than 5,000× to 30,000×, to call somatic variants in cfDNA sample (40, 41) . The WES and transcriptome sequencing techniques, which were commonly used in the identification of neoantigens, have difficulties to apply in "liquid biopsy" because of their limited sequencing depth (always at 100× to 200×), whereas the targeted sequencing might mitigate this challenge.
An inventory-shared neoantigen peptide library was constructed as the second model, which aimed to identify neoantigens timely and conveniently. The HLA-A*02, HLA-A*24, and HLA-A*11 alleles, selected for neoantigen peptide library construction, were collectively expressed in 44%, 30%, and 13% of the Caucasian, respectively, and also expressed in up to ~ 37.7%, ~31.6%, and ~61% of the Chinese populations, respectively (42) . Moreover, the 29 selected hotspot mutations covered 9.49% ~ 89.56% patients in the nine types of common solid tumors. Therefore, the shared neoantigen peptide library represents a large population of patients with tumor and has huge application prospects. Clinical targeted sequencing and accurate typing of HLA took only 1
week; subsequently, neoantigen identification was performed immediately while patients' detected hotspot mutations and HLA alleles were matched to the off-shelf peptide library. This pattern significantly shortened the time compared with the de novo antigen synthesis and identification mode. More recently, a personalized neoantigen vaccine clinical trial indicated that a median time of 103 days was required from selection of mutations to RNA vaccine release, which was already the most rapid approach reported (43) . In contrast, by performing an off-shelf neoantigen peptide library approach, 6 of 13 patients successfully identified immunogenic neoantigens recognized by autologous PBLs within 20 days. However, the harboring of hotspot mutations and common HLA alleles matched to the inventory-shared neoantigen peptide library was the limitation of this approach. The shared neoantigen peptide library is constantly updated and expanded, and the majority of mutant peptides have been confirmed as immunogenic epitopes in the ongoing clinical Effective antitumor immunity involves a series of stepwise events; the priming and activation of T cells mediated by DC vaccines and the recognition and killing of cancer cells by NRTs were only two steps in the cancer-immunity cycle; the combination of strategies that target other steps of the cycle may be more effective (44) . In the present study, neoantigen-pulsed DC vaccines and NRTs were generated for personalized immunotherapy following the immunomodulatory chemotherapy or radiotherapy. The chemotherapy regimen of cyclophosphamide and gemcitabine can effectively reduce the number of inhibitory immune cells such as Tregs and MDSCs, and enhance the efficacy of immunotherapy (45) (46) (47) (48) . Low-dose irradiation programs tumor-associated macrophage differentiation to an iNOS+/M1 phenotype that orchestrates effective T-cell immunotherapy (49) . Large-dose radiotherapy can increase the exposure of MHC class I molecules and new peptides on tumor cell surface, and enhance antigen presentation, as well as CTL recognition of irradiated tumor (50) . A previous work also showed that radiotherapy could promote the recruitment of activated CD4+ or CD8+ T cells to sites of inflammation by inducing the expression of CXCL16, CXCL10, and CCL5 chemokines in tumor cells, and then broke tumor immune barriers that lead to the inhibition of tumor growth (51) (52) (53) . The cytotoxic effect of radiotherapy may also break the pre-existing and ongoing cellular immune response; therefore, the dosage, division mode, and timing of intervention required individualized cautious formulation. In the present study, the patients with locally advanced unresectable solid tumor received stereotactic body radiotherapy (SBRT) with a total dose of 40 ~ 60 Gy during the first immunotherapy cycle.
For patients with metastases, partial lesions received a low-dose radiation (0.5 Gy bid for 2 days) before the infusion of NRTs in each cycle. However, different combinations of radiotherapy, chemotherapy, and immunotherapy are still the focus of research that needs to be further explored in preclinical and clinical studies.
More recently, two clinical trials on neoantigen peptide or RNA vaccination showed great potential for application in melanoma (43, 54) . These studies indicated that neoepitope vaccines alone could prevent disease recurrence in high-risk patients without radiologically detectable lesions. In contrast, the patients at a late stage or with detectable lesions still experienced recurrence and progression after the vaccination (43, 54) . The increased tumor burden contributed not only to the increased tumor heterogeneity, but also to the decreased drug penetration, and the increased difficulty of lymphocyte infiltration (55) . In the present clinical study, all the enrolled patients provided radiological or pathological detectable evidence of extensive metastasis or local progression. Considering that only the active immunization of tumor vaccine alone was difficult to effectively control the disease, active immunization of neoantigen-loaded DC vaccines combined with the passive immunization of NRTs, meanwhile, combined with immunomodulatory chemotherapy or radiotherapy was adopted. POLE gene mutation was detected in the ctDNA sample of patient A017 with metastatic thymoma who achieved a complete and durable response beyond 29 months, which was reported to represent an ultramutator phenotype beyond the MSI phenotype and an exceptional response to pembrolizumab in endometrial cancer (21) . This suggests the need for further clinical investigation with immunotherapy specifically targeting solid tumors with POLE mutations, which is expected to be another marker to evaluate immunotherapy efficacy. Another patient C003 with metastatic pancreatic cancer achieved a transient irPR. The mPFS was reached to 8.6 months without serious adverse events, meaning a significant improvement in prognosis for these patients with refractory tumors.
In this study, personalized immunotherapy was not associated with PD-1/PD-L1 and other immune checkpoint inhibitors. The combination of neoantigen-specific immunotherapy and checkpoint blockade may produce enhanced synergistic antitumor effects. Based on a prior work, which demonstrated that CRISPR-Cas9-mediated PD-1 gene knockout could significantly increase the antitumor activity of EBV-specific CTLs in vitro and in vivo (56) , two clinical trials have been initiated to evaluate PD-1 gene Knockout EBV-CTLs for advanced-stage EBVassociated malignancies, as well as NRTs combined with PD-1 antibodies for Chinese patients with advanced refractory solid tumors (ClinicalTrials.gov number, NCT03044743 and NCT03171220, respectively). In addition, the adoptive transfer immunotherapy employed in the present study targeted only one dominant neoepitope; the poly-neo-epitopic immunity may reduce the risk of outgrowth of single neoantigen loss variants (57) . Besides, TCR engineering can also be considered to increase the proportion of mutation-specific T cells derived from PBLs in sufficient quantities for Adoptive Cell Therapy (ACT). The inventory-shared neoantigen peptide library provides an opportunity to develop shared TCR library against driver hotspot mutations in common solid tumors.
In summary, this study demonstrated a system combining targeted sequencing and shared neoantigen peptide library provided a pattern for timely and efficient identification of neoantigen, paving a potential way for developing precision immunotherapeutic strategies with broad applicability for multiple malignant solid tumors. Trimmomatic was used for sequencing data quality control (59) . The sequence reads with a quality below the threshold of 15, as well as N bases were removed, were mapped on the human reference sequence hg19 (Human Genome version 19) using Burrows-Wheeler Aligner software (BWA) (60) . SNPs/indels were detected using Genome Analysis Toolkit (GATK)(61) and
Patients and Methods
VarScan2 (62) . SNPs were filtered out with dbSNP and 1000 Genome datasets. Germline mutations in tumor tissues or ctDNA were identified by comparing to the matched whole blood DNA. Mutations were called when at least 3 mutated reads were found in the sample on different strands with good quality scores and manually inspected in Integrative Genomics Viewer (IGV, Broad Institute). Genomic fusions were identified by FACTERA (63) with default parameters.
Whole NGS data were deposited in the NCBI's Sequence Read Archive (SRA) database (accession no. SRP186418).
HLA Typing.
Four-digit human leukocyte antigen (HLA) class I (HLA-A, HLA-B, and HLA-C) alleles and class Ⅱ alleles (HLA-DRB1, HLA-DQB1) were identified by polymerase chain reactionsequence-based typing (PCR-SBT) on patient peripheral blood (BGI, Shenzhen, China).
Epitope Prediction and Peptide Synthesis
For each nonsynonymous mutation identified by targeted NGS, long peptides with 19 amino acids containing the mutated amino acid at position 10 were queried using NetMHC3.4/NetMHC4.0 and NetMHCpan 3.0 tools to predict MHC class I binding of 8-to 10mer mutant peptides to the patients' HLA-A, HLA-B, and HLA-C alleles (64) (65) (66) (67) (68) . In addition, long peptides with 27 amino acids containing the mutated amino acid at position 14 were scanned to identify candidate 15-mer peptides that were predicted to bind with high affinity to individual HLA class Ⅱ alleles (HLA-DRB1) using the Immune Epitope Database (IEDB) and NetMHCII 2.2 analysis resource (69, 70) . Peptides with an IC50 < 500nM or %Rank < 2.0 are predicted to be MHC binders. Peptides with IC50 < 50nM or %Rank < 0.5 are considered as strong binders.
Customized peptides were obtained from ChinaPeptides (Shanghai, China) and Bankpeptide (Hefei, China) with yielding the same in vitro results.
Inventory-shared neoantigen peptide library construction
The TCGA and COSMIC databases were used to estimate the frequency of somatic missense mutations in human malignant solid tumors (71, 72) . The COSMIC database was used to assess the frequencies of each gene mutations in nine types of common solid tumors including gastric cancer, colorectal cancer, esophageal squamous cell carcinoma, liver cancer, lung adenocarcinoma, lung squamous cell carcinoma, pancreatic cancer, ovarian cancer and cervical cancer, as well as to calculate the frequencies of the specific point mutations in each gene by formula. In brief, genetic mutation data were downloaded from COSMIC (v72, Mar 2015) and constantly updated. We obtained the frequency of genetic mutation (A) by the formula A= (number of mutated samples)/(numbers of samples tested) and calculated the proportion of the specific point mutation in each genetic mutation (B) by the formula B = (numbers of instances of the specific point mutation)/(total number of mutations). The frequency of specific point mutations (F) in each cancer type by using the formula F= A×B (73) . Subsequently, we retrieved and analyzed the data from TCGA dataset by using the cBioPortal (74) for Cancer Genomics to integrate the hotspots of all the missense mutations in nine sequencing projects with the largest samples in the TCGA database.
The shared neoantigen epitopes were predicted by the hotspot mutations generated by in silico analysis of TCGA and COSMIC databases. Identification of 8-to 10-mer peptides that were predicted to bind to human high frequency HLA-A class I gene products: HLA-A*02(A*0201, A*0203, A*0206), HLA-A*11(A*1101) and HLA-A*24(A*2402) subtypes, was carried out using 19-mer long peptides containing the mutated amino acid at position 10 with five programs employing different algorithms: BIMAS(75), IEDB, NetMHC3.4, NetCTL1.2 (76) and SYFPEITHI (77) . Based on the above analysis, one or two optimal specific HLA restricted T cell epitope was selected for each hotspot mutations. Neoantigens derived peptides were synthesized, purified and cryopreserved at -80℃ until used in a timely manner.
Analysis of T cell responses
Patients' autologous PBMC were used to evaluate the immunogenicity of candidate neoantigens in vitro. An established simple and effective culture protocol with a few modifications was mainly used in detecting and monitoring antigen peptide-specific CTL precursors in the circulation as previously reported (78, 79) . Briefly, heparinized blood samples were obtained from patients with relapsed/refractory tumor for the isolation of PBMC by centrifugation on a ficoll density gradient and suspended in AIM-V medium (Gibico, USA). In each well 1×10^5 PBMCs were incubated with a corresponding peptide (25 µM) in 200ul culture medium in U-bottomed wells, which were applied to facilitate cell-to-cell contact. The culture medium consisted of AIM-V medium, 10% fetal calf serum (FCS, Gibco), and IL-2 (100 U/mL, Peprotech). For peptide stimulation at 3-day intervals, half of the culture medium containing a corresponding peptide (25 µM) and IL-2 (100 U/mL) was changed. After 3 cycles of the peptide stimulation followed by an overnight re-stimulation, on day 10, the specific T cell responses to each peptide were evaluated by ELISPOT. Recognition of the single antigens was tested as compared to no-peptide (media) control, and stimulus phytohemagglutinin (PHA) was used as positive control. In addition, the T cells activation marker 4-1BB (CD137) were also assessed by flow cytometry.
In some cases, evaluation of the reactivity of T cells was carried out by peptide pulsing DCs co-cultured with T cells. Mature DCs were pulsed with 10µM peptide for 4-6 h at 37℃, washed with pre-warmed PBS and then incubated with T cells at a stimulator-to-effector ratio of 1:10 in complete AIM-V medium overnight. The soluble IFN-γ released from T cells were measured by INF-γ ELISPOT and the T cells activation marker 4-1BB was assessed by flow cytometry.
IFN-γ Enzyme-Linked Immunospot Assay (ELISPOT)
IFN-γ ELISPOT kit (Dakewei, China) was used to determine the frequency of cytokinesecreting T cells after overnight activation with peptide (80) . In this study, multiple culture protocol was used to analyze T cells response as above. Briefly, peptide-stimulated PBMCs, or DC-pulsed peptide co-culture with T cells (10 5 per well) were added to duplicate wells for 18 ~ 20 h. The plates were washed before the addition of the diluted detection antibody (1:100 dilution) and then incubated for 1 h in 37 °C. After washing the plates, streptavidin-AP (1:100 dilution) was added and incubated at 37 °C for another 1 h. AEC solution mix was then added to each well, and the plates were left in the dark for about 15 ~ 25 min at room temperature before deionized water was added to stop development. Plates were scanned by Elispot CTL Reader (Cell Technology Inc, Columbia, MD) and the results were analyzed with Elispot software (AID, Strassberg, Germany).
Spots greater than twice the no-peptide (media) control was considered positive T cell reactivity.
Cytometric Bead Array (CBA) Analysis of Cytokines
The concentrations of cytokines in culture supernatants were measured by cytometric bead array (CBA), according to the manufacture's protocol (BD Biosciences, USA) with an appropriate diluent. Human IFN-γ Flex Set (Bead B8) (BD Bioscience, USA) was used for detection of single cytokine IFN-γ. The samples were run and FACS data were collected using an Accuri™ C6(BD Bioscience) flow cytometer and analyzed using FCAP v3.0 array software (Soft Flow, Hungary).
Peptide Binding Assay
The HLA-A*02:01-positive T2 cells (ATCC, USA ) with antigen-processing defects that allow for the efficient loading of exogenous peptides was used as an assay of candidate HLA-A*02:01 peptides binding efficiency (81, 82) . Specifically, T2 cells were cultured for 24 hours in serum-free RPMI 1640 medium. Cells were then washed and resuspended in serum-free RPMI 
Cytotoxicity Assay
The neoantigen-specific CTLs were tested for lytic activities by CFSE/PI labeling cytotoxicity assay. T2/T2-A11 cells pulsed with corresponding peptides and T2/T2-A11 cells only were used as target cells (The T2-A11 cells expressing HLA-A*1101 were constructed by our library). Target cells were labeled with 4 mM Carboxyfluorescein succinimidylester (CFSE, Invitrogen) for 10 min at 37℃ in PBS. Labeling was stopped by adding 10-fold volume of PBS and extensively washed in PBS before seeding into the 24-well plates. CFSE-labeled cells were then incubated with T cells by different effector to target ratio for 6 h. Propidium iodide (PI, Sigma) was added to determine the ratio of cell death. Samples were analyzed by flow cytometry.
Generation of DCs and Neoantigen Specific T cells
PBMCs were collected with COBE Spectra TM MNC program (Terumo BCT, USA). The in vitro cell processing and expansion were performed in a GMP-compliant lab. Monocyte-derived DCs were generated by plate adherence of PBMC. Briefly, PBMC were set to 5~10×10^6 cells/ml in AIMV media and incubated for 2 hours, at 37°C, 5% CO2. Then, non-adherent cells were collected and washed. The adherent cells were cultured for 72 h with CellGro DC media (CellGenix, Germany) containing 1% human serum (HS, collected and processed in-house), GM-CSF (800 IU/ml) and IL-4 (1000 IU/ml). The immature DCs are then lifted and resuspended in fresh medium containing 1% HS, GM-CSF (800 IU/ml), IL-4 (1000IU/ml), LPS (10 ng/ml) and IFN-γ (100 IU/ml) (LPS from Sigma, Cytokines from Peprotech), and incubated for 16 h~48 h.
Flow cytometry was used to characterize the phenotype of the cells by the expression of CD11c, CD54, CD86, and HLA-DR (all from BD Bioscience) to ensure that the cells were predominantly mature DCs. Mature DCs were harvested and used to prepare DC vaccines and amplify antigenspecific T cells.
Mature DCs were pulsed with identified peptides (10uM) individually for 4~6 h at 37℃, washed with pre-warmed PBS. Then, 2~4×10^7 washed DCs were resuspended with normal saline (NS) to prepare DC vaccines. Peptides pulsed DCs were incubated with T cells at a ratio of 1:5~1:10 in complete AIM-V medium supplemented with 5% HS, IL-2 (100U/ml), IL-7 (10ng/mL), and IL-15 (10ng/mL). The fresh complete medium was added containing cytokines every 2 to 3 d. On day 7 to 10, the proportion of neoantigen-specific T cells was assessed by flow cytometry or ELISPOT assays. According to the growth of the neoantigen-specific T-cells, the OKT3 antibody and the irradiated K562-based aAPCs loading antigen were co-cultured with T cells for re-stimulation. (The K562 cells expressing CD137L, CD80, HLA-A*1101/HLA-A*0201 were constructed by our library). Up to day 17, the antigen specific T cells were washed and resuspend with NS. Before cell transplantation, phenotypes were analyzed using flow cytometry and Quality Control criteria was administered (endotoxin testing ≤ 5EU/ml, a negative result for mycoplasma and sterile detection) to confirm the asepsis of the products.
Cell Sorting and Expansion
The proportion of neo-epitopes specific T cells in bulk T cultures using to treat patients were evaluated by fluorescent MHC tetramers. A previously described UV-mediated peptide exchange procedure was used to generate A*1101-mutant peptides tetramers (83) . Briefly, according to the procedure of the Flex-T™ MHC Tetramers Kit (BioLegend, USA), HLA loaded with UV-sensitive peptide monomers were subjected to long wave (366 nm) UV light in the presence of 50μM mutant peptide on ice for 1h. The monomer was then tetramerized in the presence of fluorescent (PE) streptavidin and kept at 4℃ for cell staining. T cells were isolated by FACSAria cell sorter after incubation with anti-CD8 (APC) and tetramers (PE) for 60 minutes and collected in a sterile PBS containing 50% FCS. The CD8+tetramer+ T cells were amplified to large numbers using a rapid amplification protocol (REP) with IL-2 (600U/ml, Peprotech), OKT3 antibody (30ng/ml, eBioscience), and irradiated K562-A11 cells (at a 5:1 ratio of feeder cells to sorted T cells).
Statistical Analysis
Graphpad Prism 5.0 (Graphpad software, San Diego, CA) was used for all statistical analysis. Data samples were compared using a 2-tailed Student's t test, and a P value of less than 0.05 was considered significant.
Study approval
This study was conducted with the approval of the Ethics Committee of Nanjing Drum Tower Hospital. All the experimental methods and clinical treatment were carried out in accordance with the approved guidelines. Patients with advanced solid tumor who failed two or more treatment regimens or had no effective standard treatment available were included in the study. All the patients signed an informed consent for scientific research statement. Three HLA-A*0201-restricted candidate mutant peptides and nine irrelevant mutant peptides from the shared neoepitope peptide library were selected to assess the T-cell specific antigen response. After 10-day recall memory T-cell assay, IFN-γ ELISPOT(A) and flow cytometric (B, C) were performed to measure the IFN-γ and 4-1BB expression (gated on CD3). (D) T2 cells were co-cultured with the mutant CDC73 (CDC73-MT) and the corresponding wild-type (CDC73-WT) peptides to assess the binding affinity to HLA-A*0201. The HLA-A*0201-restricted CMV-pp65-495, EBV-LMP2a-356, and EBV-LMP2a-426 peptides were used as positive control; the HLA-A*1101 restricted KRAS-G12C peptide was used as negative control. The fluorescence index (FI) is shown for each peptide. (E) IFN-γ release measured by CBA after overnight coculture of T cells with T2 cells that were pulsed with the indicated concentrations of mutant peptides and corresponding wild-type peptides. (F) NRTs (bulk T cells) were cocultured with CFSE labeled T2 cells that pulsed with mutant CDC73 peptide or no peptide pulse T2 cells at ratio (E:T) of 2.5:1, 5:1, 10:1, 20:1, 40:1 respectively. After 6 h, PI was added and the PI+ CFSE+ T cells were analyzed by FACS. A-C are representative of three independent experiments. D-F, data are presented as mean ± SEM (n=3), *P < 0.05, **P < 0.01, by 2-tailed Student's t test. (A) Treatment scheme: PBMCs were collected to generate neoantigen loaded DC vaccines and NRTs in the laboratory. Prior to cell infusion, the patient was pre-conditioned with an immunomodulatory chemotherapy comprising gemcitabine 1000mg/m 2 on day 1 and day 6, and CTX 250mg/m 2 on day 6. Approximately 10 7 DC vaccines were inoculated subcutaneously on day 7, followed by GM-CSF 150ug subcutaneous injection for 5 days. Approximately 10 10 bulk T cells composed of 10 9 NRTs was intravenous infused on day 17, followed by continuous intravenous injection (civ) of IL-2 4.0MIU (Million International Units) for 5 days. (B) CT scans were performed before and approximately 2.5 months, 6 months and 9 months after personalized immunotherapy, represent radiological data was shown. (C) IFN-γ ELISPOT showed changes in peptide-specific IFN-γ secretion by pre-and 6 months post-treatment patient PBMC following 10-day culture with mutant CDC73 (CDC73-MT) or control. (A)Treatment scheme: PBMCs were collected to generate neoantigen loaded DC vaccines and NRTs in the laboratory. Prior to vaccination, the patient was pre-conditioned with an immunomodulatory chemotherapy comprising gemcitabine 1000mg/m 2 on day 1 and day 6, and CTX 250mg/m 2 on day 6. DC vaccines were inoculated subcutaneously on day 7, followed by GM-CSF 150ug subcutaneous injection for 5 days. Before NRTs infusion, partial lesions received a low-dose radiation (0.5 Gy bid for 2 days); NRTs was administered on day 17, followed by IL-2 4.0MIU continuous intravenous infused for 5 days. (B) PET-CT scans were performed before and approximately 2.5 months after treatment, representative images were shown. (C) Representative data of immunogenic neoepitope identification using shared neoantigen peptide library.
Tables
Table1. Alteration frequency of hotspot mutations in common solid tumors (TCGA) 
15.7%
The alteration frequency ≥ 1% are in bold and italic. 
